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Photoluminescence Rietveld a b s t r a c t Novel crystalline tetragonal ZrO 2 : Eu 3+ phosphors were prepared by a facile and efficient low temperature solution combustion method at 400 ± 10°C using oxalyl dihydrazide (ODH) as fuel. The powder X-ray diffraction patterns and Rietveld confinement of as formed ZrO 2 : Eu 3+ (1-11 mol%) confirmed the presence of body centered tetragonal phase. The crystallite size estimated from Scherrer's and W-H plots was found to be in the range of 7-17 nm. These results were in good agreement with transmission electron microscopy studies. The calculated microstrain in most of the planes indicated the presence of tensile stress along various planes of the particles. The observed space group (P4 2 /nmc) revealed the presence of cations in the 2b positions (0.75, 0.25, 0.25) and the anions in the 4d positions (0.25, 0.25, 0.45). The optical band gap energies estimated from Wood and Tauc's relation was found to be in the range 4.3-4.7 eV. Photoluminescence (PL) emission was recorded under 394 and 464 nm excitation shows an intense emission peak at 605 nm along with other emission peaks at 537, 592, 605 and 713 nm. These emission peaks were attributed to the transition of 5 
Introduction
Oxide phosphors were found to be optimal candidates in field emission display (FED) and plasma display panel (PDP) devices as they were sufficiently conductive to release electric charges stored on the phosphor particle surfaces [1] . Because, these potential applications are still very much in the design phase, further fundamental research in the field remains a challenge. Among these oxide phosphors, zirconium oxide/zirconia is a material that deserves attention in the field of photonics. Zirconia was a technologically important material due to its high melting point, high thermal and mechanical resistance, high thermo chemical resistance, high thermal expansion coefficient, low thermal conductivity, high corrosion resistance, high dielectric constant, photo thermal stability etc. [2] [3] [4] [5] . Most of these applications make use of size-dependent properties of zirconia nanocrystals. It was an important task to synthesize the crystallite size as small as possible. When zirconia particles are reduced to nano scale size, novel characteristics may be found due to quantum size effects, which occur when cluster size was smaller than the Bohr exaction radius [6] . Therefore, the precise control of the crystallite size, crystalline phase, morphology, textural properties and lattice defects was absolutely required [7] .
Zirconia exists in three crystalline phases: monoclinic (below 1170°C), tetragonal (1170-2370°C) and cubic (above 2370°C) [3, 4] . Among these, tetragonal/cubic phase was most desirable for technical applications [2, 8, 9] . In general, the increasing temperature stabilizes more symmetric phases [10] [11] [12] [13] [14] . The assignment of tetragonal and cubic phase solely from the XRD can be misleading, since these two phases have similar XRD patterns [2] . The problem was more pronounced when the peaks are broadening due to small sizes of the crystals [13] . The incorporation of trivalent rare earth (RE) ions such as Y
3+
, Pr 3+ and Eu 3+ promotes the formation of oxygen vacancies for charge compensation and favors sevenfold coordinated oxygen ions around the 'Zr' cations and stabilize tetragonal or cubic phases at low temperature [15] [16] [17] [18] [19] [20] . The stabilization of the tetragonal or cubic phase from monoclinic phase is very crucial as these two phases are considered to be more important in fundamental and technological applications than the low temperature phase. Norris et al. described the important role of the crystal phase in the efficiency of transition metal doped semiconducting nanoparticles [21] . To date, many methods have been deployed to prepare ZrO 2 : Eu 3+ luminescent phosphors in the form of powders, thin films or colloidal solutions by sol-gel method [22] , polyol method [2] , co-precipitation method [23] etc. Traditionally solid-state method was used for the preparation of phosphor materials for Solid State Lightining (SSL) applications. The conventional SSL method is (i) inhomogeneity of the final product, (ii) low-surface area, formation of large agglomerated particles and (iii) presence of various defects (surface, impurities) which are harmful to luminescence [24, 25] . These problems were overcome by the use of solution combustion method [26] . This technique produces uniform product, high surface area, fine particles, lesser processing time and cost effective method. In this communication, low temperature solution combustion synthesis was demonstrated to be a versatile and energy efficient method for preparing ZrO 2 : Eu 3+ x% (x = 1, 3, 5, 7, 9 and 11 mol%) nanophosphors. The obtained nanopowders were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and UV-Visible absorption spectroscopy. In addition the effect of europium substitution on photoluminescence (PL) properties were investigated for their possible usage in lighting applications.
Experimental
The raw materials, zirconium (IV) oxynitrate hydrate (ZrO (NO 3 [28] . The whole process was completed in less than 5 min and a highly porous ZrO 2 : Eu 3+ nano powder was obtained.
The final products were characterized using Shimadzu Powder X-ray diffractometer (PXRD). The diffraction patterns were recorded at room temperature using Cu Ka (1.541 Å) radiation with nickel filter in the 2h range 20-70°at a scan rate of 2°min À1 . The morphological features and particle size were studied by scanning electron microscopy (SEM, Hitachi-3000) and transmission electron microscopy (TEM, TECNAIF-30) respectively. The UV-Visible absorption spectrum was recorded on SL 159 EUCO UV-Visible Spectrophotometer. The PL measurements were performed on a Horiba Flurolog Spectrofluorometer at RT.
Results and discussion

Powder X-ray diffraction studies (PXRD)
Normally oxide samples require high calcination temperature to get single pure phase. Table 1 shows zirconia hosts prepared by different methods [29] [30] [31] [32] [33] [34] [35] . Several fuels urea, glycine, oxalic acid, citric acid etc. were employed for synthesis. Compared to other fuels, ODH has low ignition temperature, easily available, easy to handle and evolve low molecular weight, harmless gases. The oxide materials prepared by using ODH as a fuel finds variety of applications as catalysts, phosphors, pigments, refractories and SYNROC (synthetic rock) etc. [36, 37] . Fig. 1A shows the PXRD patterns of ZrO 2 : Eu 3+ (1, 3, 5, 7, 9 and 11 mol%) nanophosphors. The as-formed ZrO 2 : Eu 3+ prepared by low temperature solution combustion technique using ODH as fuel shows pure tetragonal phase (JCPDS 81-1544) without any post calcinations and no traces of additional peaks from monoclinic/ cubic phase were observed. The oxygen vacancies were considered to be responsible for the formation of the tetragonal phase. It was seen that intensity of (1 0 1) plane decreases above 5 mol% doping implying the degeneration of crystallinity at higher doping concentration. In addition, it was clearly seen that with the increase of Eu 3+ concentration, the diffraction peak (1 0 1) of ZrO 2 : Eu 3+ samples slightly shift towards lower angle (Fig. 1B) . This peak shifting and line broadening was due to the partial replacement of the smaller Zr 4+ ions by larger Eu 3+ ions [38] .
It has been demonstrated that, with decrease in crystallite size, the crystal lattice tends to transform into a structure with more symmetrical tetragonal/cubic phase [11, 14] . Therefore, to observe the variation of crystallite size with Eu 3+ concentration in ZrO 2 ,
Debye-Scherrer's equation and Williamson and Hall plots were employed to determine the crystallite sizes [39, 40] .
where 'b'; the diffracted full width at half maximum (FWHM in radian) caused by the crystallites, 'k'; the wavelength of X-ray (1.542 Å), 'h'; the Bragg angle and k; is the constant depends on the grain shape (0.90). It was found that the average crystal sizes estimated for ZrO 2 : Eu 3+ (1-11 mol%) were found to be in the range of 7.1-17.5 nm. W-H plots have suggested a method combining the domain size and lattice micro-strain effects on line broadening, when both are operative [38] . The W-H approach considers the case when the domain effect and lattice deformation are both simultaneously operative and their combined effects give the final line broadening FWHM (b), which is the sum of grain size and lattice distortion. This relation assumes a negligibly small instrumental contribution compared with the sample-dependent broadening. W-H equation may be expressed in the form: with that calculated from Scherrer's equation. The crystallite sizes estimated from W-H plots were slightly higher than those calculated using Scherrer's formula ( Table 2 ). The small variation in the values were due to the fact that in Scherrer's formula strain component was assumed to be zero and observed broadening of diffraction peak was considered as a result of reducing grain size only. Strain continues to increase with increase in Eu 3+ concentration. Garvie et al., showed the existence of a critical size of $30 nm, below which the metastable tetragonal phase was stable in nanocrystalline ZrO 2 and above which the monoclinic phase was stable [41] . The average crystallite size estimated from both the methods were found to decrease with increase in Eu 3+ concentration (1-11 mol%) where interstitial 'Zr' plays an important role in the grain growth of ZrO 2 : Eu
3+
. In general, the moving boundaries were attached to the 'Zr' interstitials. Gradual increase of Eu 3+ doping progressively reduces the concentration of 'Zr' in the system. Thus the diffusivity was decreased in ZrO 2 , which resulted in a suppressed grain growth of ZrO 2 : Eu 3+ samples. At the same time, the substituted Eu 3+ ions provide a retarding force on grain boundaries. If the retarding force generated was more than the driving force for grain growth due to 'Zr', the movement of grain boundary was impeded [42] . This in turn decreases crystallite size with increasing Eu 3+ concentration.
The other structural parameters; dislocation density (d), microstrain (e), stress (r) and stacking fault (SF) are determined using the following relation [43] : where 'E' is the elastic constant or generally known as Young's modulus of the material. Young's modulus of the zirconium oxide is 186.21 GPa [44] . Table 3 gives the interplanar distances (observed and standard), their deviations, microstrain and stress on the grains of (1 0 1 Earlier it was reported that most of the XRD peaks of the tetragonal and cubic phase of zirconia were overlapped and it was very difficult to distinguish between the two from XRD patterns [30] [31] [32] . In order to obtain the justification regarding the tetragonal phase and the lattice parameters, Rietveld refinement analysis was carried out on ZrO 2 : Eu 3+ (1-11 mol%). The analysis was performed with the FULLPROF program [45, 46] . The refined parameters such as occupancy, atomic functional positions for ZrO 2 : Eu 3+
(1-11 mol%) were summarized in Table 4 . From the Rietveld refinement parameters the packing diagram was drawn using Diamond software and was shown in Fig. 4 . Fig. 5 show the variation of (a) crystallite size and dislocation density, were mainly concentrated on the grain boundaries which promote the grain boundary relaxation. High defect density in the sample involving dislocations and vacancies, easily gliding and moving along grain boundaries can develop tensile stress.
Transmission electron microscopy (TEM)
The structural information of the as-formed ZrO 2 : Eu 3+ nanophosphors were further investigated by the TEM, high resolution TEM (HRTEM) and Selected Area Electron Diffraction (SAED). Fig. 6 represents the TEM image of ZrO 2 : Eu 3+ (3 mol%). Morphological observation by TEM (Fig. 6a) indicates that the ZrO 2 : Eu 3+ consisted of aggregated nanoparticles. The average crystallite size of ZrO 2 : Eu 3+ nanophosphor was about 10 nm, which is in good agreement with the size estimated by Scherrer's equation from the XRD pattern. Fig. 6b shows the SAED pattern from ZrO 2 : Eu 3+ nanophosphors. The observed diffraction rings in SAED pattern clearly indicate high crystallinity of the sample. These diffraction rings were indexed to (1 0 1), (1 1 0), (1 1 2) and (2 1 1) planes which were attributed to tetragonal phase of ZrO 2 : Eu 3+ . Combining with the high resolution TEM image (HRTEM) (Fig. 6c) , it can be clearly seen that the lattice fringes with the interplanar spacing of 0.296 nm corresponds to the distance of the (1 0 1 
Scanning electron microscopy (SEM)
The SEM micrographs of ZrO 2 : Eu 3+ (3.0 mol%) nanophosphor show the crystallites with irregular shape and contain several voids and pores (shown in the form of circles) because of the escaping gases during combustion synthesis (Fig. 7) . It can be observed that the crystallites have no uniform shape and size. This was believed to be related to the non-uniform distribution of temperature and mass flow in the combustion flame. This type of porous network is a typical characteristic of combustion synthesized powders. The porous powders are highly friable which facilitates easy grinding to obtain finer particles. When the gas is escaping with high pressure pores are formed with the simultaneous formation of small particles near the pores [47] .
UV-Visible absorption spectrum and optical energy gap (E g )
The UV-Visible absorption spectra of ZrO 2 : Eu 3+ (1-11 mol%) nanomaterials in the wavelength range 200-800 nm was shown in Fig. 8 . The spectra shows strong and prominent absorption band with maximum at around 214 nm which could arise due to transition between valence band to conduction band [31] . The weak absorption in the UV-Visible absorption region was expected to arise from transitions involving extrinsic states such as surface traps/defect states/impurities [48] . Smaller sized particles were found to have high surface to volume ratio. This results in increase of defects distribution on the surface of nanomaterials. Thus if the particle size is small; nanomaterials exhibit strong and absorption bands [49] . In ZrO 2 : Eu 3+ , the particle size was in nanometer which results in high surface to volume ratio as a result, there is an increase in defects distribution on the surface of the nanomaterials. For estimation of band gap in the nanomaterials, the absorbance spectra of ZrO 2 : Eu 3+ (1-11 mol%) nanophosphors in transmission mode were recorded by distributing the particles uniformly in liquid paraffin, in the wavelength range of 200-800 nm. For a direct band gap, the absorption coefficient near the band edge was given by Wood and Tauc's relation [50] .
where a; absorption co-efficient, hm; the photon energy, E g; the energy gap and A; the constant depending on the type of transition. centration. This band gap narrowing was primarily attributed to the substitutional RE ions. Some electronic states were introduced into the band gap of ZrO 2 by RE 4f electrons, which were located close to the lower edge of the conduction band to form the new lowest unoccupied molecular orbital. Consequently, the absorption edge transition for the ZrO 2 : Eu 3+ takes from 2p level of oxygen to 4f level of RE ions.
Photoluminescence (PL) studies
Among the various RE elements incorporated in zirconia, Eu 3+ is generally employed in telecommunications, displays and luminescent devices [51] [52] [53] . The splitting of Eu 3+ energy levels will be different in monoclinic, tetragonal and cubic symmetry. Higher symmetry leads to degeneration, while lower symmetry removes the degeneracy and leads to the observation of additional spectral lines [54] . Fig. 9 presents the RT excitation spectra of ) at $464 nm [55] . Among these excitation transitions, 7 F 0 ? 5 L 6 (394 nm) is the most intense peak, which matches well with the commercially available near-UV GaN-based LED chips [38] . Figs. 10a and b shows the emission spectra of ZrO 2 : Eu 3+
(1-11 mol%) at both 394 and 464 nm excitation respectively. All spectra were taken under identical conditions. The PL measurements for two excitations indicated no significant change in the emission shape of position except PL intensity. The emission spectra consist of peaks located in the wavelength range from 500 to 760 nm. These peaks correspond to transitions from the 5 D 0 state to the levels depends on the symmetry of the local environment around Eu 3+ ions and can be described in terms of Judd-Ofelt of magnetic-dipole (MD) nature and insensitive to site symmetry theory [38, 56, 57] . According to selection rules, magnetic dipole transition is permitted and electric dipole is forbidden, but for some cases in which local symmetry of the activators without an inversion center, the parity forbidden is partially permitted, such as Eu 3+ ion occupying C 2 sites in Y 2 O 3 : Eu 3+ [58] . Owing to the different charge for the cations, oxygen vacancies were formed to balance the charge difference. The defect reaction equation can be described in the following Eq. (7): from the structural parameters namely unit cell volume (V), total Eu 3+ sites per unit cell (N) and critical concentration (X c ) [61] .
For the ZrO 2 : Eu 3+ system, N = 4, V = 67.58 (Å) 3 and X c = 0.03.
The R c of Eu 3+ ions in ZrO 2 were found to be $10.245 Å. When critical energy distance between Eu 3+ ion in ZrO 2 is greater than 5 Å, the overlapping between excitation and emission spectra decreases. The energy transfer between Eu 3+ ion take places due to electric multipolar interaction which can be determined by the equation:
where X; Eu 3+ ion concentration, k and b; constants, Q = 6, 8 and 10
for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interactions. The value of Q is determined by plotting log (X) versus log (1/X) ( Fig. 13 ) which gives a linear graph having a slope = À0.77 and intercept = 6.322. The Q value is close to 6 indicates that the concentration quenching in ZrO 2 is due to dipole-dipole interaction [47] . Fig. 14 11 mol%. The color coordinates for different Y concentrations was given in Table 5 . It is clear from the table that, the highest chromaticity coordinate values is found to be x = 0. 548, y = 0.448 for orange red. Further, the result indicates that emission color of phosphors can be tuned by varying the Y concentrations. Therefore, the present material would be potential candidate as red phosphor in LED applications to meet the needs of illumination devices.
Conclusions
The stabilized tetragonal ZrO 2 can be successfully obtained via the low temperature solution combustion method by introducing Eu 3+ which may have potential applications in technological fields. observed that the emission spectrum excited at 394 nm showed prominent spectral lines with higher order of intensity compared to 464 nm excitation wavelengths owing to efficient energy transfer takes place from host to Eu 3+ ions and was close to visible region which may be useful for LED applications. Further, the phosphor showed excellent CIE chromaticity coordinates (x, y) as a result, it is quite useful for display applications. 14) for sanctioning the research project. nanoparticles. 
